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LITERATURE SURVEY OF MOISTURE MIGRATION IN SOILS
DUE TO THERMAL GRADIENTS

by
J. O. Osterberg and W. N. Fead

\ PREFACE

Thie literature survey was ponducted under Contract DA-11-190~-ENG-6
with Northwestern University. The purpose of this study was to discover
what work had been done on vapor diffusion in soils, in orde: t¢ uncover any
theory which might explain the occurrence of ice lenses in permafrost, N

The work was done by Dr. Osterberg and Mr. Fead, Dvpartment oll
Civil Enginecring, Northwestern University. The investigation was under
the supervision of Mr. W. K. Boyd, then ‘Acting Chicf, Frozen Ground
Basic Research Branch,

- INTRODUCTION

The occurrence of ice lenses in coarse sands and gravels in the perma-~' -
frost region cannot be explained by the ‘accepted theories of frost a .tion of
soila. Laboratory experiments and field observation in non-permafrost
-« vions show that sands and gravels freeze homogeneously and no ice segre-
:ation occurs. An explanation that has been proposed is that water evaporates
from below in the gravel pores and condenses on the cooler surfaces nearer .
the ground surface. If enough water can condense and freeze at a given level
to furm a layer thick enough to withstand the next season's thaw, it can grow -
biger each winter, and hence form the thick ice layers observed.

The literature was searched to find if any work had been done on the.
problem of ice leuses in permafrost, to find what work had been done on
vapor diffusion in soils due to a thermal gradient, and to uncover any theory
which might explain the occurrence of ice lenses in gravel in permafrost
regione. The only literature uncovered relating to the subject concerned
vapor migration in soils when sutjected to thermal gradients at temperatures
above freezing. There is considerable disagreement and confusion regard-
ing thc method and amounts of vapor diffusion. From the literature studied,
the following remarks can be made.

1. Since surface tension increases and viscosity decreases with
decreased termperature, water in vapor form tends to migrate to the cooler
side of a soil system, because capillary pressures are greater and the vapor
pressures therefore lower, and water in liquid form tends to migrate around
the Coil particles to the cooler side. Most experiments measure both of
these combined and it is found that measurable amounts of water can be
transported by thermal gradients, but results differ widely on the quantity,

2. In those experiments where quantities are measured, it is found to
vary widely with soil type and with water contents.
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3. When the wet and dry portions of the soil columns were separated
by an air 3pace, thus allowing thermal migration only in the ‘'vapor phase,
the quantity was greatly decreased. Several investigators report that the
quantity transported by vapor diffusion is very small.

4, Rengmark and Erikson {ref.5) show that much more water is
transported from the warm side to the cold side when the voids are large.
and attribute thi3 to convection currents in the voids. In fact the authors
gay that only through convection can large quantities of waier vapor be
transported.

5. No experimenis or theories were uncovered which «,uld explain
the formation of 1ce lenses in gravel 1n permafrost, '

6. Severnl references describing experiments in fine -grained soils
were found. The quantities of water transported were repcrted to be
small.

7. It is possible that, ia the large voids of grave: considerable
moisture can be transported by convection of vapor and deposited and
frozen on the cold surface. A cycie could occur in wh:ch a continuous
supply of water is brought to the freezing ice lens by the v, or transported
mainly by convection currents. Since apparently no experiments have been
made on this problem, it is suggested that some simple preliminary
experiments be attempted.
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l. Lebedev, A. F., THE MOVEMENT OF GROUND AND SOilL. WATERS.
Proceedings, First Internaticnal Congress of So.' Surence, vol.l.
p-45%, 1927 {Translated by J. S. Joffe).

Measurements of relative humidity were made in various sols at
various depths. Rclative humaidity 19 100% for all soiis when therr water
contents are in excess of their hygroscopicity, For water content smaller
than the hygroscopicity, the humidity decreases as water content decreases,
and decreases with an increase in temperature at a constant wate r content.
fu nratural soils, the relative humidity is always 100% below o depth of 5 to
10 um. Theretore the vapor pressure down in the soi1l is a function of
temperatare. At night the relative bamidity 18 often less in the upper | ¢cm
cf so1l than in the atmosphere. and t! erefore vapor moves 11,10 the sol,
Measurements were presented 10 prove this, In Odessa as much as 72 ¢m
of water per year can'move into the top layer oi soil from 11« avr,

There can also be upward movement of moistare dur,ne the {reouent dry
periods of spring and summer when the water conteut of the upper laver
drops below 1ts hygroscopicity and therefore the vapor j r-ssure 13 less than
below.

Temperature plays an important role. as shown by . .. -r.ture varia
tions over several days at different depths, When the a'mosphe re cools,
the temperature gradient 1ni the so1l is such that the vapor pressure 1s
grecater at 10 cm depthtrar at 5 and 20 cm. and thus there is a 1088 from
this depth both downward and upward. Usually in early morning and early
evening, the vapor pressure in the upper 5 cm is greater and the vapor
condenses lower down, As 4 consequence, the upper crust i8 wetter and the
soil below this crust is drier during summer cold per:ods than during warm
periods.

Lebedev measured an increase of 66 mm of water per «m? .. the upper
~rusi during one season, and concluded that this was transportcd - pward
to the soil surface in the vapor phasec.

2. Bouyoucos, G. J., EFFECT OF TEMPERATURE ON THE MOVEMEN'T
OF WATER VAPOR AND CAPILLARY MOISTURE IN SOILS. M.k zan State
Agricultural College, Experimeant Statson Bulletin No. 22, 63 papes. 1915,

From Bouvoucos's summary:

"{1, When one halt of a column of soiui of uniform maorsture «ontent s
maintained at 20 and 40C and the other half at 0C for eight Lours. the
percentage of water moved from the warm to the coid so1l in< reases m all
the different types of soil with rise 1n moisture content urti1l a certamn water
content 18 reackhed and then it decreases with turther 1ncrease (v mo:sture
content. The results then plot »nto a parabe’a, The per cent of Inesture at
which the maximum thermal transloc at. on of water occurs 1s dijterent tor
the various classes of soil, but the percentage of the maximum thermal
translocation of water is about the same for all classes of so:’ for arv one
of the temperature amplitudes. The percentage of moisture af wi . b tis
maximum thermal translocation occurs s designated as THERMAL. CRITICAL
MOISTURE CONTENT.

"These results afe contrary ‘o whkat m.ght be expected from the Jaws of
surface tension and viscosity, They have led to the conc’usion that th¢
capillary movemenrt of water in moist so11s 18 not controiled entirely by the
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curvature of the capillary films, as is generally believed, but a'so bv the
unsatisfied attractive forces of the soil for water,

"(2} When a moist column of soil 18 kept at 20 to 40C and a dry column
o: s0il at 0C for eight hours, aund the two columns are separated by an air
space, the percectage of moisture distilled over from the moist and warm
column to the dry and cold column of soil 18 very insignificant for both
amplitudes of tempeirature, and about the same for all moisture contents.

"These results lead to the conclusion {a) trat the amount of water lost
from the soil by water vapor is very smali, \b) that there is r> rising of
vapor during the night fror.: the wa: ..+ » 2ni] helow to the cold so1l above,
and (c¢) that the source of water of the dew is not derived frum the soil
vapor, as is commonly believed.

"(3) When a moist column of s0il i8 in contact with a dryv coiumn of
80il and the former 13 kept at 20 and 40C and the latter at 0C for eight
hours, the amount of moisture moved fron: the moist and warm soil to the
‘dry and cold soil increases with temperature and wit! mcisture content,
But when the moist column of ioii is maintaired at QC and tre dry column
of s80il at 20 and 40C for tke same number of bours, tter: is verv Jittle,
if any, movement of water from the former to the latter,

"These results have led to tke conclusion that temperaiure has a very
marked inflnence on the conservation of moir ture bv m-'uvhes

'"(4) No thermo-osmotic ptenomena were observed 'n s0ils,

"{5) The research ou the effect of temperature or tt ¢ rate of percnia-
tion of water in soiis shows that 1n the case of sandv ‘oam, siit Joam,
clay loam, clay and muck the rate of flow increases w:it the rige in
temperature up to about 30C and tten decreases witt further rise in
temperature, In the case of sand. however, the rate ol fiow ir« reases
with a constant rising of temperature, inthe former soiis the results are
explained under the nypothesis that the coiloidal materia: present swells
with increase 'n temperature and tends to close tte channeis through
which the water flowed.

"{6) The water-holding capacity of soils dec reased w.tl rise in
temperature, but this decrease 1s not due enfirels 10 the dimirisked surface
tension of the so1l water but also to otter faciors.

"(7) The rate of flow ot air throu:t scr's dec reases witt rise :n
temperature, Tt:is diminution 18 no* entiredv due 1o ti+ nc reased viscosity
of the gases, but 1n addition to some ' anpes wrich the femperature
produces 1n the s,

"{8) Temperature Fas a tremerdous srntruence upor the acration of sosls,
This imtiuence '8 no' due metrer ot e expars <o 06 gases of the s0°]l, a8 is
common’y helieved, but also the ahsorsnor o1 pases b the surl at d Hlerent
temperatures. ard to the aquen s apor, "

3. Jones, H. E. and Kot nks, Helmat, THE iINFLUENCE OF SOIL
MOISTURE TENSION ONN VAPOR MOVEMENT OF SOIL WATER. Proceed-
ings, S0l Sc:ence Society of America, vol, 1k ro 3, 1952,

Soils were placed 'n tubes and subje- ted to U erma’ sradrer s sinmuviar
to Bouyoucos's test. Water vapor rnovemcunts were measurcd and
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expressed as a function of the PF value for a given 8oil, The PF value is
the logarithm of the soii tensior in centimeters of water. Thus o capiilary

tension of 1000 cm would be a pF of 3.

All studies were conducted in tre iaboratery. Vapor movement was
ettected by vapor pressure differences obtained by creating a sharp
temperature interface at the midpoint of horizountai soii columns. The
influences of such factors as soii porosity. initial moisture content, and
vapnr pressure gradients were determined.

The: movement of wategivapor n. the two sols and four so1l separates
stadied increased rapidly witr meisture tens.or up to a certa:» level. then
decreased sharply.

The pF at wkich : gpor mevement was imtiated and at whack masximum
movement occurred in reased w th a decroasie

O parfiiec.e S:a.

The voiume uf unsaturated s¢ ° poTEs, 1O Mol S520 =0 €I+ 10 goveérn

the soil moisture content at wr (» vapor movement begrts,

The volume of vapor movement in disturbed so. saripies under a
given vapor pressure gradient 18 reguiated by the baiar + .t i saturated
pore space, evaporating surfaces. and moisture reser e -~ - a2 o the
soil.

Maximum v2por meremenrt occurred at moisture tensions sbghtl. below
the wilting po'~*, suggesting a mechanism by which plarnts may resist

drought injury.
Temperaturc-induced vapor pressure gradrienis seen: 1o he ma.niy
responsible for wa'er vapor transfer o so0:1l3,

4. Rollins, R. L, Spangicr, M. C., a»rd Kirktam, D., MOVEMENT OF
MOISTURE UNDER A THERMAL GRADIENT. Pro: eedings, iligtway
Research Board, p.492-508, 1954.

The paper proser1s a theoret:icai €uat.0n, assum.ng 4 me'eculat
diffusion process, for estimating tte amcurt of water vapor mo::ng trrough
a soil, It aiso describes an apparatus and tests for measur.ng t* e quantitics
of water moving 'n the vapor prase. Apn exre! eni review of the - terature i8
presented.

A plexiglass tube 10 ¢m jong with 4 ¢m ins'de diameter is f-2ed witt a
soil which has been weigted and careful!yx m.xed witt. a | redeterm:red
weight of water, Porous ¢eram.c d:sks are p.aced o 1t ¢ + »ds and are
sealed in the apparatus to make a ciosed svstem, Two cut' ¢ls are provided
at each end. One outict '3 connceted tn a Mme rury mancimetcr ard e ather
outlet is attached to a .ong capr‘.arv tube ‘o ded severa f'mes, wrich
cornected the two ends. A tma  drop of mercary (n tre cap.lrars tube
measured the rate of liow from oo¢ ¢rd to 1t e atter,

Two solls were userd; a 8781 Lceess: at 70% asid a tire sand at 5% water
corient, At one end of the B0 1 be . farmie ra’ures were ma.ntaned at 40,
30, 20 and 10C iv differert experimerts: at ‘*¢ other erd, Ve ternperature
was kept conatant at 1C. In ogre scrres ol tesls the 1wo erds were connected
by the capiilary tube so that 1 uw could be measured (. 1cu ating svatcm: aud
in the other series8 no ¢ .rculatior berween onds was a bowed,
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It was concluded that the flow is greatly infiuenced by the de a7
and percent of air filled voids, By comparing non-crrculat ng ard
circulating systems it was concluded that the predominant method of
movement of liquid is in the vapor state. The measured valucs of {iow
were approximately six times that computed from the theory der.ved using
several assumed so0il constants, ' :

5. Rengmark, F. and Eriksson, R., AN INVESTIGATION OF VAPOR
TRANSPORTATION IN SOIL, Proceedings, Third Internationa’ Corfercnce
on Soil Mechanics and Foundation Engineering, vol.}l, p. 184 185 1953, -

To study the possibility of moisture transfer to the undcrs:de of an
asphalt pavement by vapor transfer across an underiving sand or gravel
layer, the authors made experiments with glass tubes 30 «m long ard 5 cm
in diameter filled with different materials. A 5-cm laver «! air-dr-ed
fine sand (0.074 -~ 0.125 mm) was placed at the tope of a ' i« bes. A waler
level was maintained at 20 cm below the bottom o! t*is 4-.: ¢ ard V¢ 8pace
between the water and the top layer was filled with v~ . or gand of
different sizes, or left empty. One set of tubes was me.rtained at room
temperature for 30 days. The other was keptin a refcide rator web tto
top at +4C and the water at +20C for 30 days. in tre tests v ' lempera-
ture gradient, the moisture content of the upper laver in reascd 30.9% 1n
the tube with air as the intermediate layer and 3.5% :» © ¢ tube woth graves
as the intermediate layer. For sand. the increase ,n meisture comtend
decreased as the size decreased, and was as smili a5 0.7% sor the G145 -
0.25 mm size. For ho temperature gradien., the waler cuntent mers ased
16.2% with air as the intermediate layer, and 0.2% for t} ¢ grave! and
sands.

The experiments show that vapor diffusion .s sma. 'r fire praned
soils and that the transfer of moisture by convect.on car be jarpe wre - thye
air voids are large. In fact the experiments indicate that transtcr ¢! water
by any means other than convection currents is negivyibe, Ever «~ - 2o
temperature gradient, considerable moisture is transmitted th . ugr air by

convection.

6. Beskow, Gunnar, TJALBILDINGEN OCH TJALLYFTNINGEN SO!L
FREEZING AND FROST HEAVING), Sveriges geolouiska understking,
Arsbok 26, Ser. C, no.375, 1935 (Transiated by j. O. Osterberg.
published by N :rthwestern University. Evanston, li! nois 194%" .

Only reference to moisture migration is on pp. 89 a~d 90 ‘o' frars a
tion). Beskow considers flow by diffusion across a crack o1 hissure .1 a
so0il. He assumes a temperature drop across-a lissure of |- 2C /v m,

Then, using the vapor pressure of water at close to 0C, and a «oefiic ent
of diffusivity of 0.20, he computes the amount of water tt.at can be trans-
ferred. He concludes that the diffusion due to temperature difterer e
across a crack is small and can amount 10 oniv 4 few m:. ..meters per day,

This computation is only for a crack., In a grave' deposit .r rerma-
frost, the temperature gradient could conceivabiy be higher, But maost
important is the fact that Beskow does nct consider mo-sture trarsfer L.
convection currents, If convection currents can 16 1c ast the mu drure
transfer by,say 10 times (8see reference 5., then "¢ amiust of maeisture
transferred by diffusion could easily form a thick e aver ‘o the uppes
part of the gravel. ‘
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7. ‘Buckingham. Edgar, STUDIES ON THE MOVEMENT OF SOIL MOISTURE,
U. S. Department of Agriculture, Bureau of Soils, Bulletin No. 38, Feh. 14, 1907.

A surface of water or moist s0il was exposed to evaporation into a
confined space which was in communication with the outside air through a
column of soil of known height and cross section. Whatever water escaped
from below the column of dry soil had thus to escape by pure diffusion,
because there was uo capillary connection between the column of soil and the
water or moist soil from which the loss was being measured.

In the first experiment, the soil from which the evaporation was to take
place was spread in a loose layer about half an inch thick in the bottom of a
glass tumbler, while the upper 2 in. of the tumbler were filled with coarse
dry sand and supported on wire gauze and cheese cloth. This left about !} in,
of air space between the damp soil in the bottom and the dry sand above it.

Ten tumblers were used: 3 tumblers with soil, solid manure, and water
contents 17, 20, 27%; 3 tumblers with soil, liquid manure, and moisture
contents 10, 16, 22%; 3 tumblers with soil, tap water, moisture contents 12,
17, 23%; 1 tumbler with water. The soil was a sandy loam from Takoma Park,
Maryland.

Summary of results:

(1) There were no systematic differences in the losses related to the
differing water content of the solids.

(2) The soils treated with solid manure lost water slightly faster than the
others, but only to an extent which might be accounted for by assuming that
the heating effect of the rotting manure kept their temperature about 1C
higher than the others, thus incressing the vapor pressure of the water over
them.

(3) with this exception the loss of water was the same, within the
experimental errors, for all the tumblers, including the one in which the
evaporation was from a free water surface instead of from water distributed
in thin films over the surfaces of the soil grains.

(4) Comparison of the rates of loss, with and without the fan and turn-
table in motion, showed that the rate of loss was about three times greater into
a 3-mph breesze than into the still air of the room.

(5) The rate of loss observed was approximately the same as might have
been computed from known data and known principles with the aid of very
probable assumptions. The known data referred to are the thickness, cross
section, and porosity of the layers of dry sand; the temperature of the
expe~’'mnoat and the humidity of th~ outside air (both known only approximately);
and the free diffusion constant of air and water vapor. The known principles
are the laws of the free diffusion of gases, and the fact, established by the
writer's experiments {Bull. No. 25, Bureau of Soils, USDA), that the rate
of interdiffusion of air and carbonic acid through four soils of varying types
acd conditions was approximately proportional to the square of the porosity
of the soil (porosity here used as fraction of total volume not occupied by
water or soil). The assumptions are that this rule holds also for the
interdiffusion of water vapor and air; that the freec space below the sand was
sensibly saturated with water vapor; and that the 3-mph breeze was sufficient
to prevent any sensible increase in humidity in the air immediately over the
tumblers.




Conclusions:

(1) The tree-air space below the sand was equally moist in all
cases probably very nearly saturated. In other words, the varying
treatment of the soil as regards both manuring and moisture content
did not influence the partial pressure of the water vapor in the air
space above it.

(2) Hence, since resistance to escape by diffusio was as great
as that offered by a 2-in. layer of very coarse.dry sar. ', no di{ferences
were perceptible, if any existed at all, between the case of cvaporation
from the damp soils treated in various ways and from a free wvater
surface,

(3) As was to be expected. the diffusion of water vapor into the
air through soils followed the same laws as the diffusion of air and
carbonic acid under similar circumstances.

{(4) The actual mean rate of loss of water was equivalent to about
1.4 in of rainfall per year into still air, and about 4.3 in. 1nto a breeze
of 3 mph with the temperature about 20C to 22C, and the dewpoint about
at the freezing point.

A-second series ol tests used a soil column of varving porusities
instead ot the sand covers, The results indicated that the diftusion
varied with the 2.2 power of the porosity. Curves oi :inal water content
distribution hear a marked resvmblance to drainage curves, etc. of
soils. These tests showed that only about ¥, in. of raintall per vear
would be lost on tne basis of 17-day tests.

A third set of tests was similar to the second set except that the
tops of the soil columns were open to the air instead of being closed.
Comparable results are prescented. From the author's conclusions!

"The farst of the #xperiments showed that the open space below the
sand was nearly saturated with water vapor and that it made no material
difference whether this space was fed with water vapor from a free
water surface or from damp soil. Hence we may assume that in the
other experiments also the vapor space below the soil column was
sensibly saturated. It could therefore not have had any more water
vapor in it if it has been fed by evaporation from moist soil, no matter
what the depth of the moist soil might have been below the level in
question and consequently there could in no case have been a greater
tendency for the escape of water vapor from this depth. The tigures
given for the rates of loss of water {from the cups represent conse-
quently, the maximum amounts of loss by direct evaporation which could
have occurred from moist soils ot any thickness below the depths named
and under the given conditions of temperature and humidaty.

"The first, third and fourth experiments are virtually experiments
on the cffectiveness of mulches of various dry souils of varying depths
and compactness. the muich being made perfect and the conditions
simphified by the entire elimination ot ¢apillary motion ints the mulch
from below. The loss from below the toarse sand, at the rate ot 4.3
inches per year through 2 inches depth, shows that the protecting action
of thrs mulch was by no means perfect, and with a more loose, open
mub - the protecling action. supposing always that the capillary flow
into and up through the mulch 18 negligible. would be still less perfect.
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With the finer-grained soils of the fourth experiment the direct evapora-
tion loss was less. But since th= capillary action in these soils would,
if they were in actual contact with the moist soil below. be considerable,
we cannot conclude that these mulches would necessarily be more
effective than in the coarse sand.

"The second experiment, while the most complicated, corresponds
most nearly to practical conditions, and here we see that the direct
evaporation loss from below a 12-inch Jayer of damp soil is quite
insignificant. amounting at most to only 1 inch of rainfall in s1x years, ™

The paper contains 13 pages of experimentai, results an:d theoretical
discussions of capillary action.

8. Puri, A. N.. Crowtner, E. M., and Keen, B, A., THE RELATION
BETWEEN VAPOR PRESSURE AND WATER CUN NI SOILS. Journal
of Agricultural Scicnce, vol.15, pp. 68-88 1925,

Concludes that water adsorption at constant relatic ¢ fauinidities is
almost independent of temperature over the range from .G !¢ '0C if
humidities are high, but decreases markedly with inc reasir . (viapera-
ture if relative humidities are low.

9. Cotnoir, L. J., WATER VAPOR AS A SOURCE (OF SOIL MOISTURE,
Proceedings, Soil Science Society of America, vol.12. p. 88, 1947,

One paragraph, Estimate about 1.5 to 3 in. /yr soil moisture from
water vapor in atmosphere,

10. Croney, D., Lewis, W. A., and Coleman, J. D., THE CAUSES
AND CONTROL OF SUBGRADE MOISTURE CHANGES, Proceedings,
Second International Conference on Soil Mechanics, {Rotterdam),
vol. 4, p.211-218, 1948, .

Gives curves showing some results of vapor movement research,
States ''the research showed that in cohesive so0ils moisture movements
resul..ng trom temperature gradients were nepligible when the moisture
ronient was above the plastic lin-it,"

11. Brawand, Hans, ADSORF TICN AND CONDENSATION OF
ATMOSPHERIC WATER VAPC.X INTO THE SOIL, Ph.D. Dissertation,
Purdue University, 1951.

Discusses the adsorption of water vapor from the atmospbhere and
the increase in moisture due to the condensation of water vapor {from
the atmosphere.

Gives some interesting observed data concermine fluctuations of
temnerature and computed data concerning fluc cat: - of vapor pressure
at various soil depths.
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